ACCEPTED BY The AstronomicalJournal 

Preprint typeset using IiTgK style emulateapj v. 04/03/99 



THE X-RAY PROPERTIES OF Z > 4 QUASARS 
Shai Kaspi, W. N. Brandt, and Donald P. Schneider 

Department of Astronomy and Astrophysics, 525 Davey Laboratory, Pennsylvania State University, 
University Park, PA, 16802; shai, niel, dps@astro.psu.edu 
Accepted by The Astronomical Journal 



o 
o 
o 

(N 

c 

a 



> 

OS 

o> 

(N ■ 

o : 
o . 
o ■ 

^ ' 

On; 

6 ■ 
a: 



ABSTRACT 

We report on a search for X-ray emission from quasars with redshifts greater than four using the ROSAT public 
database. Our search has doubled the number of z > 4 quasars detected in X-rays from 6 to 12. Most of those 
known prior to this work were radio-loud and X-ray selected sources; our study increases the number of X-ray 
detected, optically selected z > 4 quasars from one to seven. We present their basic X-ray properties and compare 
these to those of lower redshift quasars. We do not find any evidence for strong broad-band spectral differences 
between optically selected z > 4 quasars and those at lower redshifts. 

Subject headings: galaxies: active — galaxies: nuclei — quasars: general — X-ray: galaxies 



1. INTRODUCTION 

Quasars with redshifts larger than 4 were first discovered 
more than a decade ago (Warren et al. 1987). Recently many 
new z > 4 quasars have been discovered (e.g., Fan et al. 1999, 
2000) with expectations of an even greater increase in the near 
future due to new surveys (e.g., the Sloan Digital Sky Survey 
should identify « 1000 quasars with z > 4.5 - Schneider 1999; 
York et al. 2000). Currently there are 85 z > 4 quasars that have 
appeared in journals, and an additional number can be found 
on various World Wide Web pages. Quasars at z > 4 provide 
us with direct information about the first 10% of cosmic time. 
They are among the most luminous objects known, and from the 
Eddington limit many require ;> 10 8 -10 9 M Q black holes. They 
have wide cosmological importance since they must be associ- 
ated with deep potential wells in the earliest massive collapsed 
structures, and their strong evolution provides clues about the 
process by which the remarkably homogeneous z ~ 1000 Uni- 
verse revealed by the cosmic microwave background is trans- 
formed into the inhomogeneous Universe seen today (e.g., Efs- 
tathiou & Rees 1988; Turner 1991). 

To date z > 4 quasars have been mainly studied at optical 
wavelengths (e.g., in order to determine their redshifts). There 
has also been some progress in studying their far-infrared and 
radio properties (e.g., Schmidt et al. 1995; Omont et al. 1996; 
McMahon et al. 1999). However, their properties as a whole at 
these and other wavelengths have not yet been fully explored. 
X-ray emission appears to be a universal property of quasars at 
Z « 0-2, and X-rays have also been studied from many z ~ 2-4 
quasars. However, at z > 4 the X-ray properties of quasars are 
much less well understood; only six z > 4 quasars have been 
detected in X-ray. The luminous X-ray emission from quasars 
reveals the physical conditions in the immediate vicinities of 
their black holes, and X-ray studies of high-redshift quasars 
can in principle discover if quasar central power sources and 
quasar environments evolve over cosmic time (e.g., Bechtold 
et al. 1994b; Blair et al. 1998; Elvis et al. 1998; Fiore et al. 
1998). 

We list the z > 4 quasars previously detected in the X-ray 
band in Table 1. For each quasar we give, in the first seven 
columns, its coordinates, redshift, absorption-corrected X-ray 
flux in the detection band, and the reference to the paper where 



the X-ray detection was made. While the most basic X-ray 
properties (e.g., a ox , the slope of a nominal power law between 
2500 A and 2 keV) of these quasars appear to be generally con- 
sistent with those of quasars at lower redshifts, the constraints 
are not tight and require substantial improvement. Comparisons 
of these properties with those of the majority of low-redshift 
quasars are difficult as most of the X-ray detected z > 4 quasars 
were selected in different ways: three of them are X-ray se- 
lected objects, two are radio selected, and only one is optically 
selected. 

All objects but one in Table 1 were detected using ROSAT, 
demonstrating the ability of this satellite to detect z > 4 quasars. 
Encouraged by this we have systematically searched for detec- 
tions of z > 4 quasars in the ROSAT public database. In this 
paper we present our results, which double the number of z > 4 
quasars detected in X-rays. We increase the number of optically 
selected z > 4 quasars from one to seven and provide limits for 
15 others. In § 2 we present the database search and in § 3 we 
discuss our results. 

Throughout this paper we use the cosmological parameters 
Hq = 70 km s" 1 Mpc" 1 and qo = 0.5. We define the energy index 
a as /„ oc v~ a and likewise the photon index T = a+l with pho- 
ton flux density f(E) oc E~ r in photons cm" 2 s" 1 keV -1 . Unless 
otherwise noted, we use a a = 0.5 in the UV-optical range and 
a x = 1 in the X-ray range. These are representative values of 
these parameters for lower redshift quasars (e.g., Netzer 1990; 
Reeves et al. 1997). 

2. SEARCH AND ANALYSIS 

We have searched the ROSAT public database 1 for all fields 
which include the optical positions of z > 4 quasars in the lit- 
erature. We have found 27 quasars' positions (out of the total 
85 z > 4 quasars) to lie in ROSAT fields. For ten quasars we 
found only one observation, while for the others there were two 
or more. We retrieved from the ROSAT public database up to 
four observations (when available) for each quasar. We prefer- 
entially chose long observations where the quasar was close to 
the field's center. Twenty-six quasars were observed by the Po- 
sition Sensitive Proportional Counter (PSPC; Pfeffermann et al. 
1987) with several of them also having High Resolution Imager 
(HRI; David et al. 1999) observations, and one quasar was ob- 
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served only with the HRI. Out of the 27 quasars, 12 were the 
observation's target and 15 were serendipitously in the detec- 
tor's field of view. 

All observations were processed using the PROS software in 
IRAF. 2 We have manually inspected the images (and smoothed 
versions thereof) and have measured the net counts around the 
optical positions of the quasars. Typically PSPC positions are 
good to «20-30" (e.g., Voges et al. 1996), and indeed all our 
detections but one are < 20" from the optical position. The 
aperture size for count extraction was scaled to take into ac- 
count the size of the point spread function (PSF) at the off- 
axis angle of the quasar. We were able to detect, at above the 
2.5a level, an X-ray source and extract the X-ray count rate 
for nine quasars. For the other 18 quasars we were only able 
to determine upper limits to their X-ray count rates. We have 
also searched for X-ray detections of 86 quasars listed on World 
Wide Web pages but not in the literature, and we find none. 

In the upper part of Table || we present the quasars detected. 
Their names, coordinates and redshifts are given in the first four 
columns. The monochromatic ABi4so(i+ z ) magnitude is listed 



in column (5). The AB 



1450(14*) 



magnitudes are from Schnei- 



der, Schmidt, & Gunn (1991), Henry et al. (1994), Storrie- 
Lombardi et al. (1996), and Hook & McMahon (1998), with 
estimated errors of « ±0.1 magnitudes. The Galactic column 
density, found using the H I map of Dickey & Lockman (1990), 
is given in column (6). We have used the AB 1450(1+;) magni- 
tude and a flux-density power law with ao = 0.5 to compute the 
rest-frame 2500 A flux density and luminosity which are listed 
in columns (7) and (8). The absolute B magnitude, given in 
column (9), was found using the equation 



Mb = AB 



1450(14 



l)-45.03 



(1) 



which is equation 5 of Schneider, Schmidt, & Gunn (1989) 
adapted for H = 70 km s" 1 Mpc" 1 . 

In columns (10)— (18) of Table || we list the X-ray observa- 
tions and properties of the quasars. The sequence-ID and ob- 
serving date are listed in columns (10) and (11). The angular 
distance of the quasar's position from the center of the field is 
listed in column (12). The number of background-subtracted 
counts (in the broad band 0.1-2 keV) is given in column (13), 
and the vignetting, exposure-map and background corrected 
count-rate is listed in column (14). We use the PIMMS soft- 
ware (Mukai 1997) to define a power law with photon index 
T = 2, which is then used in the XSPEC software (Arnaud 1996) 
to evaluate the absorption-corrected 0.1-2 keV observed flux, 
which is listed in column (15). From this power law we also cal- 
culated the rest-frame 2-keV flux density and luminosity which 
are listed in columns (16) and (17). (Using PROS to calcu- 
late these quantities yields consistent results.) Finally, we list 
in column (18) the effective optical-to-X-ray power-law slope, 
a ox , defined as: 



"ox = 



log[(/ y (2keV)//,,(2500A)] 
log[i/(2keV)/i/(2500A)] 



(2) 



where /„'s are flux densities at the given wavelengths and v's 
are the corresponding frequencies. The uncertainties for the 
fluxes, luminosities, and a ox values can be propagated from the 
relative error on the number of counts, which has a mean value 
of 30%. Another uncertainty involves our assumption of T = 2. 

2 IRAF (Image Reduction and Analysis Facility) is distributed by the National 
Optical Astronomy Observatories, which are operated by AURA, Inc., under coo- 
perative agreement with the National Science Foundation. 
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Table 2 

Properties of Quasars at z > 4 Observed by ROSAT 



Object 


RA (2000.0) Dec 


z 


AB 






log(vL u ) 


M B 


Sequence-ID 


Date 


A c 


Counts 


C-rate" 


f 




\o g (vL„) 


"ox 


R 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


(15) 


(16) 


(17) 


(18) 


(19) 


Detected Quasars 


Q 0000-2619 


00 03 22.9 


-26 03 19 


4.098 


17.5 


1.67 


4.767 


46.9 


-28.0 


rp700467n00 


26/11/91 


0.6 


177±24 


4.97 


6.5 


2.4 


45.2 


-1.65 


<0.6 




















rp700078n00 


30/11/91 


0.4 


30.0±9.3 


7.29 


9.5 


3.5 


45.4 


-1.59 




BR0019-1522 


00 22 08.0 


-15 05 39 


4.528 


18.8 


2.09 


1.440 


46.4 


-26.9 


rp701207n00 


23/06/92 


0.1 


34±11 


5.36 


7.9 


3.1 


45.4 


-1.41 


<2.0 




















rp701207a01 


08/12/92 


0.1 


16.8±6.3 


4.87 


7.2 


2.8 


45.3 


-1.42 




BR 035 1-1034 


03 53 46.9 


-10 25 19 


4.351 


18.7 8 


4.08 


1.579 


46.5 


-26.9 


rp700531n00 


27/01/92 


0.4 


54±13 


5.92 


12.4 


4.7 


45.5 


-1.35 


<3.1 


BR 095 1-0450 


09 53 55.7 


-05 04 19 


4.369 


19.2 


3.78 


0.996 


46.3 


-26.4 


rp700379n00 


18/05/92 


0.0 


35±10 


4.25 


8.6 


3.3 


45.4 


-1.34 


<3.4 


BRI 0952-01 15 


09 55 00.1 


-01 30 07 


4.426 


18.7 


3.96 


1.579 


46.5 


-27.0 


rp700380n00 


29/05/92 


0.1 


18.9±7.7 


5.63 


11.6 


4.5 


45.5 


-1.36 


<2.1 


BR 1202-0725 


12 05 23.1 


-07 42 32 


4.695 


18.0 


3.46 


3.008 


46.8 


-27.7 


rp700530n00 


13/12/91 


0.4 


34±13 


3.56 


6.8 


2.8 


45.4 


-1.55 


<2.0 


GB 1428+4217 


14 30 23.7 


+42 04 36 


4.715 


19.4 


1.40 


0.829 


46.2 


-26.4 


rh704036n00 


11/12/97 


0.2 


75±13 


15.4 


74.1 


27.5 


46.4 


-0.95 


1900 




















rh704007n00 


09/01/98 


0.2 


125±17 


21.5 


102.9 


38.3 


46.5 


-0.90 






















rh704008n00 


22/01/98 


0.2 


223±20 


36.1 


173.3 


64.4 


46.7 


-0.81 




RX J 1759.4+6638 


17 59 27.9 


+66 38 53 


4.320 


19.3 


4.23 


0.908 


46.2 


-26.3 


rp000026n00 


21/02/92 


6.3 


82±29 


1.94 


4.1 


1.6 


45.1 


-1.45 


30 


BR 2237-0607 


22 39 53.6 


-05 52 19 


4.558 


18.3" 


3.84 


2.282 


46.7 


-27.4 


rp701206n00 


20/05/93 


0.1 


56±13 


6.17 


12.5 


4.9 


45.6 


-1.41 


<3.6 




















rh800789n00 


26/05/96 


9.1 


30±17 


1.30 


8.4 


3.0 


45.4 


-1.45 


















Undetected Quasars - 


X-ray Upper Limits 




















PC 0027+0525 


00 29 49.9 


+05 42 04 


4.099 


21.4 


3.42 


0.131 


45.3 


-24.1 


rp201077n00 


09/07/92 


50.1 


66.2 


15.13 


28.9 


10.5 


45.8 


-0.81 


280 


PC 0027+0521 


00 30 04.6 


+05 38 13 


4.210 


22.3 


3.43 


0.057 


45.0 


-23.3 


rp201077n00 


09/07/92 


49.8 


80.7 


18.41 


35.2 


13.0 


46.0 


-0.63 


<220 


Q 0046-293 


00 48 29.6 


-29 03 21 


4.014 


19.3 


1.75 


0.908 


46.2 


-26.2 


rp700275n00 


01/06/92 


47.2 


134.0 


10.00 


13.4 


4.8 


45.5 


-1.26 


<10 


Q 005 1-279 


00 54 15.4 


-27 42 08 


4.395 


19.2 


1.72 


0.996 


46.3 


-26.4 


rp701223n00 


03/07/92 


43.1 


133.8 


4.38 


5.8 


2.2 


45.2 


-1.40 


<4.9 


Q 0101-304 


01 03 37.3 


-30 08 59 


4.072 


20.0 


2.03 


0.477 


45.9 


-25.5 


rp701194n00 


06/07/92 


0.4 


18.5 


1.38 


2.0 


0.7 


44.7 


-1.47 


<14 




A 1 A£ 1 Q 
Ul UO IV. z 


j-AA A'i 73 
+UU +0 ZJ 


A Alt. 


10.0 


3 1 Q 
j. Ly 


1 440 


46.4 


-26.7 


rh7A^£71 nAA 

rn /u jo i i nuu 


77/1 0/07 

zz/ iz/y / 


1 7 1 


1114 


o.oy 


*\A 7 


1 Q 7 

ty.z 


46 2 


t t A 
— 1. 1U 


^t. 7 
<.7. / 


SDSS033X79 3 1 +002 1 56 3 


03 38 29 3 


+00 71 56 


5.000 


20.0 


8.11 


477 


46.0 


-25.8 


rn700844n00 


76/01 /97 


28.5 


26.2 


12 70 


35.6 


15.2 


46.1 


—0.96 


<9.6 


PC 0953+4749 h 


09 56 25.2 


+47 34 44 


4.457 


19.1 


0.98 


1.092 


46.3 


-26.6 


rp700450n00 


12/05/92 


13.5 


21.4 


6.53 


6.6 


2.5 


45.3 


-1.39 


<4.1 


RXJ105225.9+571905 i 


10 52 25.9 


+57 19 07 


4.450 


22.6 


0.56 


0.043 


44.9 


-23.1 


rp900029a00 


16/04/91 


4.0 


60.5 


0.97 


0.8 


0.3 


44.4 


-1.21 


<190 


BRI 1050-0000 


10 53 20.4 


-00 16 49 


4.291 


19.4 


3.95 


0.828 


46.2 


-26.2 


rp700381n00 


26/05/92 


0.4 


18.2 


4.00 


8.2 


3.1 


45.3 


-1.32 


88 


BR 1 144-0723 


11 46 35.6 


-07 40 05 


4.147 


18.8 


3.75 


1.440 


46.4 


-26.7 


rp700382n00 


05/06/92 


0.3 


13.4 


2.94 


5.9 


2.2 


45.2 


-1.47 


<8.8 


SDSS122600.68+005923.6 


12 26 00.7 


+00 59 24 


4.250 


19.1 


1.89 


1.092 


46.3 


-26.5 


rp600242a01 


24/12/92 


44.7 


131.6 


12.61 


17.6 


6.5 


45.7 


-1.24 


<3.4 


PC 1233+4752 


12 35 31.1 


+47 36 06 


4.447 


20.1 


1.18 


0.435 


45.9 


-25.6 


rp200578n00 


14/11/91 


22.8 


33.7 


21.07 


23.1 


8.9 


45.8 


-1.03 


<21 


PKS 1251-407 


12 53 59.5 


-40 59 31 


4.458 


19.6' 


7.97 


0.689 


46.1 


-26.1 


rp800321a01 


18/01/93 


36.4 


59.6 


9.27 


25.8 


10.0 


45.9 


-1.09 


2800" 


SDSS131052.52-005533.4 


13 10 52.5 


-00 55 33 


4.140 


18.9 


1.77 


1.313 


46.3 


-26.6 


rp800248n00 


18/07/92 


26.8 


49.6 


6.51 


8.8 


3.2 


45.3 


-1.39 


<0.7 


Q 2133-43 11 


21 36 23.7 


-42 58 18 


4.200 


20.9 8 ' k 


2.84 


0.208 


45.6 


-24.7 


rp800336a01 


06/05/93 


30.8 


43.6 


5.35 


9.3 


3.5 


45.4 


-1.06 




Q 2139-4324 


21 42 58.2 


-43 10 59 


4.460 


20.7 gk 


2.45 


0.250 


45.7 


-25.0 


rp300274n00 


28/04/93 


29.7 


65.3 


11.69 


18.7 


7.3 


45.7 


-0.97 




PC 2331+0216 


23 34 31.9 


+02 33 22 


4.093 


19.8 


4.81 


0.573 


46.0 


-25.7 


rh701901n00 


24/12/94 


0.2 


30.1 


1.93 


13.4 


4.4 


45.5 


-1.19 


35 



X 



a 
o 

N 

V 

8 
> 

r/5 
> 



"In units of 10 20 cm" 2 . 

b At 2500 A in units of 10~ 27 ergs s -1 cnT 2 Hz~' . 
c Offset from the field center in units of arcmin. 
''in units of 10~ 3 counts s~' . 

"Flux at the 0. 1-2 keV band in units of 10~ 14 ergs s~' cm" 2 . 
f At 2 keV in units of 10~ 31 ergs s~' cnT 2 Hz~' . 

s Estimated using an empirical linear relation between [APMS- AB i45o<i+ z )] and [z] for all objects in Storrie-Lombardi (1996) and deriving the missing ABi4 5 o(i +z ) from that relation. 
h For better upper-limit determination see Molthagen, Wendker, & Briel (1995). 

'Can be only detected by careful co-adding of many observations (see Table 1 and Schneider et al. 1998). 
'From Shaver et al. (1996); using the m, magnitude to estimate AB and the 1.4 GHz flux density to estimate R. 
k Estimated using m R magnitudes from and Hawkins & Veron (1996). 
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FIG. 1 . — ROSAT images of the nine detected z > 4 quasars from 0.1-2.4 keV. North is up and East is to the left. The horizontal axis shows the Right- Ascension, 
and the vertical axis shows the Declination in J2000 coordinates. The box in each image is centered on the optical coordinates of the quasar, and its size is 
substantially larger than the positions uncertainty. Each image is Kbl8' X 18'. All images are from the PSPC except for GB 1428+4217 which is from the HRI. 



THE X-RAY PROPERTIES OF Z > 4 QUASARS 



5 



As radio-quiet quasars typically have T= 1.7-2.3, our assump- 
tion of r = 2 might introduce an additional uncertainty of ~15% 
in the flux estimates. As the true T for each quasar is un- 
known (other than GB 1428+4217 and GB 1508+5714), we do 
not quote an error on the latter quantities. We estimate the to- 
tal fractional uncertainties for the fluxes to be in the range of 
30-50%. 

X-ray images of all nine detected quasars are presented in 
Fig. [I] which was created using the adaptive smoothing method 
of Ebeling, White, & Rangarajan (2000) applied to the full- 
band images. For most of the images we used a 2.5cr level of 
smoothing; for three low-cr detected objects (BR 095 1-0450, 
BRI0952-0115, and BR 1202-0725) we used a 2.0cr level of 
smoothing. 

For each of the PSPC observations listed in the upper part 
of Table || we also calculated the X-ray counts in the soft band 
(0.1-0.5 keV) and the hard band (0.5-2.0 keV). We used these 
to calculate the rest-frame 2-keV flux density, luminosity, and 
a ox , in the same way as described above. The results were sim- 
ilar to the broad-band results. However, as the statistical un- 
certainties in the soft and hard bands were large due the small 
number of counts (note the small number of counts in the broad 
band - column [13] of Table ||), we do not include these results 
in our analysis. 

In the lower part of Table || we list the z > 4 quasars which 
we were unable to detect in the X-ray observations. For these 
quasars we give 3a upper limits (listed in column [13]), where 
a is the square root of the counts in an aperture of size appro- 
priate to the quasar's off-axis angle and centered at the quasar's 
optical position. For each quasar we list the one observation 
which gave the faintest upper limit. 

For 27 objects the number of expected detections which are 
merely statistical fluctuations at the 2.5c level is 0.17; this sug- 
gests that none of our detections is likely to be a background 
fluctuation. We also estimated the probability that our X-ray 
quasar detections are merely of unrelated X-ray sources that 
happen to be coincident with the z > 4 quasars' optical posi- 
tions. We shifted the 27 quasars' positions by eight arcmin in 
eight different directions and looked again for X-ray detections 
(in the same manner as was done for the real optical positions). 
At the new positions we found seven X-ray sources which met 
our detection criteria regarding significant level and positional 
coincidence. This test shows that among our nine X-ray detec- 
tions there might be one source which is not the counterpart of 
the quasar but an X-ray source which happened to be in that po- 
sition by chance. Additional suggestive evidence that the num- 
ber of false detections is small is that we have detected only the 
brighter quasars out of the total 27 (see Fig. ^ and § |[); if our de- 
tections had random contamination by foreground sources then 
their distribution would not be correlated with quasar luminos- 
ity. 

For comparison purposes we present some properties of the 
X-ray detected z > 4 quasars known prior to this work in Ta- 
ble 1. We list the ABi450(i+ Z ) magnitudes in column (8) and 
the Galactic column densities in column (9). Based on the 
AB 1450(1+;:) magnitudes we calculate the rest-frame 2500 A flux 
densities and luminosities which are listed in columns (10) and 
(11), and the absolute B magnitudes in column (12). We used 
the X-ray fluxes and bands from columns (5) and (6) and the 
PIMMS software to define a simple power law with T = 2. This 
power law was used to estimate the rest-frame 2-keV flux den- 

3 The National Radio Astronomy Observatory is a facility of the National Science 
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FIG. 2. — Mb distribution of the 27 z > 4 quasars observed by ROSAT. The 
shaded area represents the quasars which were X-ray detected. 



sity and luminosity which are listed in columns (13) and (14). 
We list the resulting a ox in column (15). 



3. DISCUSSION 

In most cases where we detect X-ray sources at the quasars' 
optical positions they are very close to the detection limit. Com- 
paring the data for the quasars which are X-ray detected to those 
which are not, we notice several trends. The detected quasars 
are among the brighter in the optical band (see Fig. [| for the 
Mb distribution). If the undetected quasars have comparable X- 
ray luminosities to the detected ones, we suggest that they were 
mainly not detected since they were observed at the edges of 
the PSPC field where the PSF and vignetting are larger. In the 
two cases where high luminosity quasars were observed close 
to the PSPC field center (BRI 1050-0000, BR 1 144-0723), we 
attribute the non-detections to short exposure times. 

Three objects which we detected had already been reported 
as X-ray emitters in the past (Q0000-2619, GB 1428+4217, 
and RXJ1759. 4+6638). The X-ray properties we have mea- 
sured for them are in agreement with the previous reported 
properties (see Table 1). We have not detected the other 
three quasars in Table 1 since the data for RXJ1028. 6-0844 
are not public (it was detected in the ROSAT All-Sky Sur- 
vey), GB 1508+5714 was not observed by ROSAT, and 
RX J 105225 .9+57 1905 could be detected only in the "ultra- 
deep" HRI survey (see Schneider et al. 1998 and references 
therein). 

At present only a few radio-loud z > 4 quasars are 
known. These include GB 1428+4217, GB 1508+5714, and 
RX J 1028. 6-0844 which have had their X-ray data published 
prior to this work (Table 1), PKS 1251-407, for which we 
present an X-ray upper limit, and GB 1713+2148, whose 
ROSAT observation is not yet public. Out of these objects, 
GB 1428+4217 and GB 1508+5714show evidence for relativis- 
tic beaming (e.g., Moran & Helfand 1997; Fabian et al. 1999). 
We used the NRAO 3 VLA Sky Survey (NVSS; Condon et al. 
1998) catalog and images at 1.4 GHz to estimate the quasars' 
radio loudnesses, R, defined as the ratio of the radio flux (extra- 
Foundation operated under cooperative agreement by Associated Universities, Inc. 
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FIG. 3. — a ax distribution of X-ray detected z > 4 quasars (shaded areas) 
compared with the a ox distribution of the 87 z < 0.5 PG quasars (black bars) 
from Brandt et al. (2000; including four upper limits). We distinguish between 
z > 4 quasars which are optically selected and those which are selected from 
X-ray and radio samples. The distribution of z. > 4 X-ray upper-limits is also 
shown (white bars with arrows). 
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FIG. 4. — Rest-frame 2 keV versus 2500 A luminosities. Filled circles are 
data from this study, squares are data from previous studies, and empty trian- 
gles are upper limits determined in this study. Radio-loud quasars are circled. 
The separation between the three blazar-type (highest points) from the other 
objects is clearly visible. 



cted from the NVSS) to the optical flux at 4400 A (estimated 
using the AB magnitude and a flux-density power law with 
a = 0.5). Radio-loud quasars typically have R > 100 and 
radio-quiet quasars have R < 10 (e.g., Kellermann et al. 1989). 
We list R in Table 1 column (16) and Table ^ column (19). 
Most of the quasars in this study are undetected by the NVSS, 
and thus we provide only upper limits 4 . In addition to the 
above mentioned radio-loud quasars we detect PC 0027+0525 
to be radio-loud and BRI 1050-0000, RX J1759.4+6638, and 
PC 233 1+0216 to be intermediate between the two radio classes 
(see also McMahon et al. 1994). All other quasars (but two) 
have R upper limits which designate them as being radio-quiet. 
This result is in agreement with other radio and far-IR studies 
of these z > 4 quasars which find them to be radio-quiet (e.g., 
Schneider et al. 1992; Omont et al. 1996; McMahon et al. 
1999). Our results are also consistent with the Schmidt et al. 
(1995) conclusion that only 5-10% of optically selected z > 4 
quasars are radio-loud. 

In Fig. ^| we compare the a ox distribution of all the X-ray de- 
tected z > 4 quasars with the a ox distribution of a sample of all 
87 Palomar-Green (PG) quasars at z < 0.5 from Brandt, Laor, 
& Wills (2000). We have translated the a ox given in Brandt 
et al. (2000) for a flux density at 3000 A to that for a flux den- 
sity at 2500 A. To carry out this comparison we consider only 
the optically selected z > 4 quasars 5 since the PG sample is an 
optically selected sample. The a ox distribution for the seven 
optically-selected objects is consistent with the a ox distribution 
of the PG quasars and with the a ox distribution usually found 
for quasars (e.g., Wilkes et al. 1994; Green et al. 1995). We 
also use all optically selected objects in this study, including the 
ones with upper limits on their X-ray properties, to derive the 
mean a ox . To that purpose we have used the ASURV software 
package Rev 1.2 (LaValley, Isobe & Feigelson 1992), which 
implements the survival analysis methods presented in Feigel- 
son & Nelson (1985) and Isobe, Feigelson, & Nelson (1986). 



We find the mean a ox to be -1 .49 ± 0.04 which is in agreement 
with past studies. 

Three of the detected quasars have a ox < -1 (Fig. ||). This is 
not consistent with the PG quasars' a ox distribution, and indeed 
these three quasars are the ones known to be radio-loud with 
two of them being blazar-type objects, while the PG quasars 
are mainly radio-quiet with no blazars among them. 

The separation between the blazar-type and radio-quiet 
quasars can also be seen in Fig. ||, where we plot the rest-frame 
2 keV versus 2500 A luminosities. The X-ray fluxes for the 
three radio-loud quasars are about an order of magnitude higher 
than those of the radio-quiet ones. A line fit to the radio-quiet 
quasars' data using ASURV yields 



vL v {2 keV) 
10 45 ergss -1 



= (0.175r 007(n 



-0.050 ) 



j/L„(2500A) 



10 45 ergss 



0.69+0.10 



(3) 



4 The results reported here from the NVSS are consistent with those from the 
1995) which currently covers only a third of our objects. 

5 The only objects which are not optically selected in our study are the five last objects listed in Table 1 



This relation is in agreement with the one found for lower- 
redshift quasars (e.g., Wilkes et al. 1994; Green et al. 1995), al- 
beit within relatively large uncertainty owing to the small num- 
ber of points and their distribution. 

Three of our detected quasars have two ROSAT observa- 
tions (Table |2|). In all cases the fluxes from different observa- 
tions agree to within the measurement uncertainty of ^30%, 
and no flux variations over time are detected. The quasar 
GB 1428+4217 has six ROSAT observations and was found to 
vary by a factor of two over a timescale of two weeks (or 
less), which corresponds to less than 2.5 days in the source's 
rest-frame, a result not unexpected in that this quasar is a flat- 
spectrum radio-loud blazar (Fabian et al. 1998, 1999). 

The observed 0.1-2 keV band corresponds to a rest-frame 
band of 0.5-10 keV at z = 4. Emission at the low end of this 
bandpass can originate from an accretion disk, but is mainly 
thought to arise from the surrounding corona (e.g., Fabian 
1994). Detecting X-ray emission in this band from z > 4 

Faint Images of the Radio Sky at Twenty-cm (FIRST; Becker, White, & Helfand 
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quasars suggests that similar processes are taking place in low- 
redshift and the highest-redshift quasars. 

We have established that in almost all cases where z > 4 
quasars were observed at the center of the PSPC field and the 
exposure times were sufficiently long (as anticipated from their 
optical luminosities), an X-ray source was found at the optical 
position of the quasar. As two, and possibly three, of the objects 
detected before our paper are "peculiar" blazar-type objects, we 
have more than doubled the number of optically selected z > 4 
quasars detected in the X-ray band and determined that a ox in 
these quasars is similar to that of lower z quasars. At present 
we have only been able to study in X-rays the most luminous 



z > 4 quasars. New X-ray missions such as Chandra, XMM, 
Constellation-X, and XEUS should allow the study of the X-ray 
properties of considerably less luminous z > 4 quasars. With 
thousands of z > 4 quasars expected to be found in the next few 
years (e.g., by the Sloan Digital Sky Survey), there should be 
ample targets. 

We are grateful for several valuable suggestions by David 
J. Helfand. We acknowledge the support of NASA LTSA 
grant NAG5-8107 (SK, WNB), the Alfred P. Sloan Founda- 
tion (WNB), and NSF grant 99-00703 (DPS). We thank Harald 
Ebeling for the use of his IDL software. 
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